dose. In the F 1 generation there are differences between reciprocal crosses and in the F 2 generation all 16 classes that are theoretically possible for a pair of polymorphic loci can be distinguished. This full classification is rarely possible in genetic studies, and allows more accurate estimates of recombination rates. Two hordein gene clusters (Hor1 and Hor2, corresponding to hordein C and hordein B respectively) were analysed in hybrids obtained by crossing two winter barley cultivars Partizan and HWV-247. Hordein separation was performed by acid-polyacrylamide gel electrophoresis at pH 3.2 (A-PAGE). A set of most informative bands of B and C hordeins was selected in each cross by two criteria: (1) presence or absence of bands in the parents and (2) signal strength to allow doses scoring. The average genetic distance between Hor1 and Hor2 loci was 11 cM. Distances in male and female maps were not significantly different, suggesting a similar recombination rate in male and female meiosis.
Key words: A -PAGE, barley, hordeins, gene dosage effect .
INTRODUCTION
Cereal prolamins (e.g. gliadins in wheat, hordeins in barley, secalins in rye, zeins in maize, etc.) are the main endosperm storage proteins in all cereal grains (SHEWRY et al., 2001) . Hordeins, as the main storage protein fraction in barley seeds, which are accumulated exclusively in starch endosperm, accounts for up to half of the total protein in the mature grains. Therefore, they have major influence on grain quality, the quality of malt and beer, and the nutritional value (MOLINA-CANO et al., 2001) . During the last forty years, electrophoretic polymorphism of hordeins was widely used for genotype identification and for studying its influence on the nutritional value and malting quality (DOLNIK 2006; CIFUENTES 2006) . Genes controlling the synthesis of the storage proteins are clustered multigene families that are described both on the protein and the DNA level (KANAZIN et al., 1993; SAYANOVA et al., 1993; DONG et al., 2009) . Although the number of linked loci is rather small, the expression of the storage protein genes is complex and still partially unknown. Hordein genetics is less complex than genetics of gliadins in wheat, because of diploidy in barley versus hexaploidy in wheat. Three homologous chromosomes determine the endosperm genotype. This is the consequence of double fertilisation. The triploid endosperm originates from a female central cell, containing 2n chromosomes, which is the fusion product of two haploid polar nuclei fertilised by a male sperm cell containing n chromosomes (BRIGGS and KNOWLES, 1977) . Thus, in the triploid endosperm the dosage of the maternal allele is twice the paternal dosage. Therefore resulting dosage effect could be used to determine the genotypic classes for the hordeins in the F 2 generation of barley hybrids.
The expression of hordeins depends on time and tissue and interchromosome interactions (HANSEN et al., 2007) . The amount of hordeins is influenced by environmental factors, e.g. availability of nitrogen and sulphur (DUFFUS and COHRANE, 1992) but the composition of hordeins is not (MARCHYLO et al., 1987) . Change of the relative intensity of the band staining is a result of the influence of environmental factors, especially the nitrogen supplies (RAHMAN et al., 1983 , SIMIC et al., 2008 . Apart from having a major influence on grain quality, hordeins are an important tool for cultivar identification (RADOVIĆ, 1995 , POMORTSEV et al., 2007 . The strong point of identification by hordein patterns is that each hordein provides information about more genes than with any other molecular probe, and that a half of single grain is sufficient for the screen. Nowadays, several systems are applied to characterize hordein composition (SHEWRY et al., 1981; WHITE and COOKE, 1992; KONAREV, 1996 , YUEMING et al., 2003 GARCIA-VILLALBA et al., 2006) .
Information about the mode of inheritance of the hordein patterns according to dosage effect are presented in several studies (SOZINOV et al., 1979; SHEWRY et al., 1981) and the general conclusion is that the results are often misinterpreted or confused. Such problems can be solved by direct examination of the genetic basis of the dosage effect and the corresponding phenotypic classes in segregating generations. The aim of this study was to examine dosage of endosperm genetic background on hordein pattern, to determine the genotypic classes and mode of inheritance of triploid hordeins in F 1 , F 2 and BC generations of barley hybrids. Additional aspects of using the hordein composition in marker assisted selection (MAS) and genotype identification are discussed.
MATERIALS AND METHODS
Winter barley cultivars Partizan and HWV-247 proved to be divergent concerning hordein composition in previous studies (PEROVIC et al., 1998 , PEROVIC et al., 2000 and, therefore, were chosen to be crossed. These cultivars and their hybrid progeny and backcrosses were grown in identical conditions in the Center for Small Grains, Kragujevac. The harvest was manually performed at full maturity stage. The number of analyzed grains has been as follows: Partizan x HWV-247 (44 grains), HWV-247 x Partizan (54 grains), F 1 x Partizan (34 grains) and F 1 x HWV-247 (25 grains).
Hordeins were extracted from single grains that were of approximately the same size. The extraction buffer consisted of 70% ethanol, 18% urea and 2% 2-mercaptoethanol according to the modified procedure of DRAPER (1987) . Seeds were placed in 1.5 ml tubes, and vigorously mixed with the extraction buffer by metal balls. Samples were then centrifuged for 30 min (5000 rpm). The supernatant was removed into other tubes. Pellets were dissolved in glycerol and loaded to gel with Methyl-green as marker color.
Acid PAGE was conducted on 10% gel (pH = 3.2) fo 4 h at 380 V. The gels were fixed by 10% TCA and then stained overnight by 12% TCA and 0.05% Coomassie brilliant blue R-250 and analysed while they were fresh. The relative mobility (Rm) of the polypeptide bands was determined according to WHITE and COOK (1992) and the relative intensity (Ri) of the stained bands was determined visually (0 -5 categories) following the procedure of YAN (1996) .
Rm -relative mobility of detected bands (Rm):
Rm = (100 x Dx) / Px -Dx -distance of the band from the start (mm); -Px -distance of the basic referent band (100) from the start (mm); Ri -relative staining intensity of the detected bands (6 classes):
The percentage of recombination (p) was determined as the number of the recombinant gametes divided by the total number of gametes (n). The standard error for p was calculated as √(p -p 2 )/n. Map distances in centimorgan were calculated as -1/2 log n (1-2p), with standard error p/(1-2p), according to methods described by BAILEY (1961) .
Theoretical base for genotype classification by dosage effect
The triploid endosperm nucleus in barley is formed by fusion of two polar nuclei from the same meiosis, genetically identical to the egg cell and one sperm cell. Thus, three homologous chromosome sets come together in the endosperm of which two are identical and originate from the female and the third originates from the male parent. Since hordein composition is inherited in the co-dominant manner, both parental compositions are expressed in the F 1 generation (DOLL and BROWN, 1979) . Theoretically F 1 plants can form four types of female and four types of male gametes ( Figure 1 ).
Male gametes had n chromosomes (haploid), and female gametes had 2n chromosomes (diploid). The genesis of endosperm begins when paternal spermy (n) fertilises maternal central cell (2n). Central cell is diploid, because it was created by fusion of two nuclei with n chromosomes each. These two nuclei are products of one meiotic cycle and therefore only four types of central cells can be formed. The dosage effect is the consequence of presence of the third chromosome in the expression of the hordein genes. Chromosomal array of two triploid and linked loci in the F 1 and F 2 generations (Figure 2) 
RESULTS
Seven polypeptide bands of the C hordein in the Partizan cultivar and nine C hordein bands in the Hvw-247 cultivar were detected (Figure 3) . Eleven B hordein bands in the Partizan cultivar and eight B hordein bands in the Hvw-247 cultivar were recorded. All bands originating from both parents were expressed in the F 1 generation which is in agreement with the co-dominant manner of the inheritance of hordein composition. The differences between the reciprocal F 1 hybrids are not related to cytoplasm hereditary factors, but are due to triploid constitution of the endosperm. Since B and C hordeins are expressed as a group of six to ten polypeptide bands, an alternative scoring method could be proposed. Thus, scoring can be simplified by selecting the most informative band (marker band) for each group of linked bands. The marker band should have a high staining intensity and no other band in the same relative mobility area in another parental cultivar should be present. The dosage effect can be evaluated by comparing the relative intensity of the marker bands in the different phenotypes. Sixteen genotypes of different dosage effect combinations are possible in the F 2 generation. In the case of C hordeins, band of the relative mobility 20 and the relative intensity 3 for the Partizan cultivar and, in the case of B hordeins, band of the relative mobility 63 and the relative intensity 4 for the Hwv-247 cultivar were selected as markers. Different staining intensities of the bands belonging to the direct and the reciprocal F 1 hybrids corresponded with the different polypeptide amount in the given band. The C marker band in the Partizan x Hvw-247 F 1 hybrid has the relative staining intensity 2 because it is determined by the two alleles in cv.
Partizan and by the one allele in the Hvw-247. In the Partizan x Hwv-247 F 1 hybrid progeny the staining intensity was 2 for the marker bend (two alleles), and in the Hwv-247 x Partizan F 1 hybrid the staining intensity was 1 (one allele). In the Partizan x Hwv-247 F 1 hybrid the Partizan cultivar was the maternal component. This hybrid progeny expressed the staining intensity 2, because its band was determined by two alleles originated from Partizan and by one non-functional allele originated from Hwv-247. Reciprocal F 1 hybrid Hwv-247 x Partizan had C marker band with the staining intensity 1, e.g. the synthesis of this band was controlled by one allele belonging to the father Partizan cultivar. The same scoring behaviour of the B marker band was recorded. Relative intensities were 3 and 2, in direct and reciprocal cross, respectively.
There were no recombinations between the B or C hordein components in the F 2 generation. This is in agreement with the results previously achieved by SALL (1990) and HOSSAIN and SPARROW (1991) . Recombinations within C and B hordein components (Hor1 and Hor2 loci) are mostly recorded in mutant genotypes which were exposed to mutagenic treatment or in exotic genotypes, while there were not any in the hybrid progenies of the commercial varieties (SHEWRY, 1992) . The B and C allele ratio in the F 2 generation is presented in Table 1 .
The distribution of four phenotypic classes in monohybrid inheritance of the B and C hordein bands was studied. The recorded phenotypic classes and the corresponding genotypic formulae for the C hordeins are: The dosage effect could be noticed in the given genotypic formulae in the triploidly determined traits. This effect was also recorded in the case of the seed storage proteins in wheat (BURNOUF and BOURIQUET, 1983, VAPA 1985) , maize (SOAVE et al., 1981) , rice (KUMAMARU et al., 1989) and other species. Obviously, in the case of co-dominant inheritance of the triploidly determined traits, more phenotypes are expressed than in the case of the dominant-recessive inheritance. The distribution of the four phenotypic classes was analysed by the χ 2 test and it was found that the experimental ratio was not significantly different from the expected ratio of the 1:1:1:1. Fourteen non parental phenotypes were found in the F 2 generation. Similar results have been reported by PEROVIC et al. (2000) , where 12 classes were found in a set of analysed F 2 populations.
The two out of 14 phenotypes were combinations of the parental gametes, but were different because of the opposite direction of the dosage effect expression.
The frequencies of the Partizan x Hvw-247 F 2 phenotypes are shown in Table 2 . Double recombinants were not formed because of the close linkage between the two loci, and the small population size. All recombinant individuals were single. Fourteen seeds of the recombinant genotype were present in the direct hybrid Partizan x Hvw-247 while six such seeds were found in the reciprocal hybrid Hvw-247 x Partizan. Nine recombinations occurred in the male gamete synthesis and eleven in the female gamete synthesis. Percent of recombination and the map distance between Hor1 and Hor2 loci were calculated based on the phenotype frequencies in the F 2 generation (Table 3) . The distance between Hor1 and Hor2 loci in the studied population was 11.4 + 2.71 cM. The distances between parental components were 10.15 +3.58cM for male individuals and 12.71 + 4.11 cM for female (maternal) individuals. 
Backcross analysis
Beside the F 1 and the F 2 generations in the Partizan x Hvw-247 hybrid, the inheritance of the hordein composition was studied in the recurrent cross generations, denoted as the BC1dF1 and the BC1rF1. BC1dF1 generation was the progeny of the (Partizan x Hvw-247) x Partizan direct cross, while the BC1rF1 was the progeny of the (Hvw-247 x Partizan) x Hvw-247 reciprocal cross.
Four distinct genotypes (and phenotypes) were distinguished in each recurrent generation, making a total of eight. The possibility of the recognition of the larger number of phenotypes than in the dominant -recessive cases is due to the dosage effect in co-dominantly inherited B and C hordeins. When analyzing each group of hordeins and the monohybrid inheritance in the backcross generations, the experimental segregation ratios were compared with the expected ones by χ 2 test (Table 4) . On the basis of the χ 2 values, the ratio of the phenotype classes of both major hordein groups was 1:1 in the backcross generations, which indicated that the hordein composition was co-dominantly inherited. It was possible to distinguish two phenotype classes in each genotype in the monohybrids and four phenotype classes in each genotype in the dihybrids due to the gene dosage effect. Two genotypes were identical to the parents in the BC generation (shaded) and the others were recombinants (Table 5) . The genotype frequency data were used to calculate the percent of recombination and the distance between the two hordein loci (Table 6 ). Since 50% of gametes in the backcross is identical in genotype composition calculation of the percent of recombination based on gametes was not preferred to using genotypes, as in the case of the F 2 generation. But its information had the same value (four gametes and four genotypes were present in each cross combination in the co-dominant inheritance in dihybrids). The distance between Hor1 and Hor2 loci, calculated on the basis of the backcross Partizan x Hvw-247 hybrid progeny, was 13.41 + 7.20 cM in the BC1dF1 and 8.72 + 6.40 cM in the BC1rF1. 
DISCUSSION
The hordein composition in the cultivars studied was determined by two complex loci (Hor1 and Hor2) which are closely linked. Complex composition of hordein loci in several linked genes is without introns, and is different in the length of the coding sequences (SAIANOVA et al. 1994) . In the expression of the hordein composition in the hybrid progeny, the gene dosage effect is recorded and it is the consequence of the triploid constitution of the barley seed endosperm. The values of the distance between two major hordein loci varied in the investigated hybrid progeny and were in the interval of 7.82 -13.41 cM. These results were similar to those of the other researchers (SHEWRY et al., 1978 (SHEWRY et al., , 1980b BLAKE et al., 1983; POMORTSEV et al., 1985; SALL et al., 1991) . The experimental value of the distance was in agreement with the molecular maps of barley (KLEINHOFS et al., 1993; LANGRIDGE et al., 1995) .
Additional aspects of using the hordein composition in marker assisted selection (MAS) and genotype identification could be mentioned:
1. Co-dominant inheritance of the hordein composition enables more precise calculation of distance between two loci than it is possible in the case of morphological markers (dominantly inherited). Estimation of the recombinant chromosomes percent enables to determine the distance between two loci in both parental genotypes. (WEI et al., 1999) . Presence or absence of some hordein groups or components could also indicate technological quality of the barley grain. 3. Acid PAGE is a cheap complementary technique, which provides precise identification of genotypes, and allows legal protection of breeder's rights. 4. Considering the large numbers of bands, each coded by one or more different genes in the cluster, barley storage protein is still a marker system which differentiates the largest number of genotypes in germ-plasm identification.
CONCLUSION
Hordeins, as the main storage proteins in barley grain, were analyzed by acid PAGE in order to determine their mode of inheritance in the F 1 , F 2 and BC Partizan x Hvw-247 hybrid progenies. Polypeptide bands originating from both parents were expressed in the F 1 generation and allowed scoring of gene dosage. Two allele forms of the multiple hordein loci created four phenotype classes in the F 2 and it was possible to distinguish heterozygotes due to differential expression of the dosage effect. Therefore, all genotypes in the F 2 generation were distinguishable, too. The observed ratio of the allele groups was not significantly different from the expected 1:1:1:1 ratio. No recombination was recorded within B and C hordein patterns. Scoring of hordein phenotypes in the F 2 grains was considerably easier by previous choice of marker bands. Gene dosage effect was investigated by comparative evaluation of the relative intensity of the marker bands, leading in easily and more reliably determination of genotypes. The distance between Hor1 and Hor2 loci in the studied population were 10.15 +3.58cM for male individuals and 12.71 + 4.11 cM for female (maternal) individuals, while the distances of 13. 41 + 7.20, 8.72 + 6.40 and 11.41 + 2.71 cM were recorded at the BC1dF1, BC1rF1 and F 2 generation, respectively.
